We have isolated a cDNA encoding a novel hyaluronidase, which is expressed during embryogenesis. The encoded protein was expressed as a fusion polypeptide with glutathione S-transferase, and the affinity-purified fusion protein was shown to posses hyaluronidase activity with a pH optimum about pH 4.0. The expression of the XEH1 gene was analysed by in situ hybridization, and was first apparent in scattered cells in a broad ventral region of late gastrula embryos. As development proceeded through to tailbud stages, the domain of expression became progressively more restricted, eventually being located in the developing liver rudiment near the primary hepatic cavity. The results reveal the dynamic regulation of the contrasting activities of hyaluronan synthesis and degradation during early morphogenetic movements.
Introduction
Hyaluronan is an extremely hydrophilic glycosaminoglycan of the extracellular matrix of vertebrates, forming gels containing large amounts of water. As a consequence, hyaluronan causes expansion of the extracellular space, facilitating the migration of cells during embryogenesis. Also, hyaluronan binds to cell-surface proteins (Ahlo and Underhill, 1989; Toole, 1990) , and growth factors (Locci et al., 1995; Sherman et al., 1998) .
Studies of the DG42 protein indicate the importance of hyaluronan synthesis in the early development of Xenopus. DG mRNAs were originally identified in a screen for mRNAs that are Differentially expressed at Gastrula (Rosa et al., 1988) . DG42 is notable for being the most abundantly expressed of the DG genes during gastrula stages. The function of DG42 protein has been controversial (Meyer and Kreil, 1996; Semino et al., 1996; Varki, 1996; Bakkers et al., 1997; Pummill et al., 1998) , but it has been concluded that DG42 is a hyaluronan synthase, and that hyaluronan synthesis is a prolific and tightly regulated activity in Xenopus embryos. It seemed likely that the degradation of hyaluronan by hyaluronidase might also be a regulated process.
XEH1 sequence
XEH1 is a novel cDNA (submitted to Genbank) which encodes a 468 amino acid polypeptide (Fig. 1) , assuming that the first in-frame ATG codon is the initiation codon. Analysis of the XEH1 primary structure suggested the presence of an amino terminal signal sequence of 37 amino acid residues. The putative XEH1 protein is related to human sperm hyaluronidase PH20, and to mammalian lysozomal hyaluronidase, and mammalian plasma hyaluronidase (Fig. 1) , and so the cDNA was designated XEH1 for Xenopus embryonic hyaluronidase.
The protein encoded by XEH1 cDNA is a hyaluronidase
Although sequence comparisons suggested that XEH1 is related to other hyaluronidases few sequences designated as hyaluronidases in the databases have been shown experimentally to have hyaluronidase activity. To confirm that XEH1 cDNA encodes a hyaluronidase, a construct was expressed in E. coli that directed the synthesis of XEH1 fused to glutathione S-transferase. The affinity-purified fusion protein ( Fig. 2A ) was demonstrated to have hyalur- Fig. 1 . Deduced sequence of the Xenopus embryonic hyaluronidase, by conceptual translation of XEH1 cDNA (nucleotide sequence submitted to Genbank). The XEH1 polypeptide sequence is compared to human sperm surface protein PH20 (HPH20) (Lin et al., 1993) ; human lysozomal hyaluronidase (HLyH) (Lepperdinger et al., 1997a) ; murine lysozomal hyaluronidase (MLyH) (Lepperdinger et al., 1997b) ; and human plasma hyaluronidase (HPIH) (Frost et al., 1997) . Conserved amino acid residues are highlighted.
onidase activity (Fig. 2B ) with a pH optimum at about pH 4.0. Although caution is required in interpreting the properties of fusion proteins, the acidic pH optimum is consistent with the lysozomal localization of several other known hyaluronidases (see Fig. 1 ).
Patterns of XEH1 expression in embryos
Using an antisense probe prepared by transcription of the XEH1 cDNA, whole-mount in situ hybridization was performed throughout early Xenopus developmental stages. A clear in situ hybridization signal was apparent first in late gastrula embryos, at about stage 13 (Fig. 3A) . Expression appeared in a ventral domain of late gastrula and early neurula embryos. As development proceeded, the domain became gradually more restricted to a ventral band whose anterior boundary was coincident with the anterior of the lateral plate mesoderm (Fig. 3A-D) . By early tailbud stages, the expression domain had become progressively more restricted to a small region in the ventral midline coincident with the developing liver (Fig. 3E,F) . A notable feature of the expression was that positively-hybridising cells were found scattered amongst non-hybridising cells, particularly near the posterior periphery of the expression domain. This was evident in the whole mount views of neurula embryos (Fig. 3A) , where scattered positivelyhybridising cells occur in all three germ layers (Fig. 3B) . It was also seen in transverse sections of tailbud-stage embryos, where scattered positive cells were located in the endoderm around the prospective gall bladder (Fig.  3G,H) , near the opening of the primary hepatic cavity into the sub-mesodermal space.
When XEH1 expression during development is compared with expression of the hyaluronan synthase gene, DG42, the patterns are not coincident; for example, DG42 is abundantly expressed in the inner layer of the neurectoderm in the prospective neural plate, where XEH1 is not expressed. Later, in mid-neurula and tailbud stages DG42 expression is abundant in ventral endoderm, lateral plate mesoderm, and inner layer of ectoderm, with the more ventral expression persisting the longest (Rosa et al., 1988) . This later expression pattern has some similarity to that shown here for XEH1 transcripts.
Materials and methods

Constructs for expression of fusion protein
The vector pGEX-3X (Smith and Johnson, 1988) was used for fusion protein expression The fusion construct included amino acids 50-468 of XEH1 linked to an N-terminal region encoding glutathione S-transferase.
Hyaluronidase assays
Hyaluronidase assays were performed using the method Fig. 2 . Expression of XEH1 as a fusion with glutathione S-transferase. Fusion protein was obtained from IPTG-induced transformed bacteria by affinity chromatography on glutathione-Sepharose (Smith and Johnson, 1988) . (A) SDS-polyacrylamide gel electrophoretic analysis of the soluble extract of E.coli cells expressing the fusion construct, and the GST-fusion product obtained by affinity chromatography on glutathione-Sepharose. (B) pH profile of the hyaluronidase activity of the GST-fusion product. Hyaluronidase activity is expressed as the decrease in absorbance due to reduction in dye-hyaluronan complex formation (Benchetrit et al., 1977) .
based on the Stains-All dye complex formed with intact hyaluronan (Benchetrit et al., 1977) . The assay was conducted over a range of pH values, using 20 mM sodium acetate buffers for the range pH 3.0-6.5, and 20 mM sodium phosphate buffers for the range 7.0-8.0. The 100 ml reaction mix contained 20 mM buffer, 200 mg hyaluronan, and about 10 mg of affinity purified GST fusion protein. Samples were incubated for 30 min at 30°C. After incubation a 2 ml sample was withdrawn, and mixed with 18 ml Stains-All and 40 ml water. After 10 min the absorbance was read at 650 nm.
Whole-mount in situ hybridization
Digoxygenin antisense XEH1 RNA was prepared by transcription of the entire cloned XEH1 cDNA. Whole-mount in situ hybridization within albino embryos was as described (Harland, 1991) .
